Introduction
Reorganization of the actin cytoskeleton plays an important role in a variety of cellular activities that range from cell migration and platelet aggregation to dendritic spine motility (1) (2) (3) . Under resting conditions, the apical membrane of acinar cells in exocrine glands is coated with filamentous actin (F-actin). Although this F-actin coat is thought to constitute a barrier to exocytosis (4-7), secretory granules undergo exocytosis selectively at the apical membrane (8) (9) (10) . Redistribution of F-actin is induced during intense secretory activity (4, 11, 12) , but it has remained unknown how F-actin regulates exocytosis in exocrine cells.
Reorganization of the actin cytoskeleton is also implicated in the pathogenesis of acute pancreatitis (13) (14) (15) (16) , which is characterized at the cellular level by the appearance of vacuoles in, and disruption of the polarized secretion of digestive enzymes from, pancreatic acinar cells (17) . In animal models of this condition, protracted agonist stimulation results in both actin reorganization and vacuole formation (18) (19) (20) . However, the relation between vacuole formation and F-actin reorganization has not been clarified.
Elucidation of the dynamic control of F-actin distribution during exocytosis in exocrine cells
has not been possible by classical confocal microscopy because this technique lacks the tissue depth penetration necessary to visualize the fine organization of the apical plasma membrane within intact acini (10) . In contrast, two-photon excitation microscopy has the ability to penetrate deep into tissues (10, 21) and allows simultaneous multicolor imaging with various combinations of fluorescent tracers (10) . Taking advantage of these attributes of two-photon excitation microscopy, we have now investigated actin dynamics associated with physiological and pathological exocytosis in pancreatic acinar cells. 
Experimental Procedures

Preparation of mouse pancreatic acini
Clusters of acini were isolated from the pancreas of 5-to 7-week-old mice by brief (4 min) digestion with collagenase (1 mg ml -1 ; Wako, Osaka, Japan) followed by gentle trituration. The acini were dispersed in a small chamber and superfused (1 ml min -1 ) with a solution (SolA) containing 150 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES-NaOH (pH 7.3), and 10 mM glucose. For the experiment shown in Figs. 3G and 3H, dispersed acini were cultured under an atmosphere of 5% CO 2 at 37°C in Waymouth solution (Sigma-Aldrich)
supplemented with penicillin (100 U ml -1 ; Invitrogen, Carlsbad, CA), streptomycin (0.1 mg ml -1 ;
Invitrogen), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich), soybean trypsin inhibitor (0.2 mg ml -1 ; Sigma-Aldrich), and 2.5% fetal bovine serum (Invitrogen); the culture dishes were coated thickly with a collagen gel (MatriGel; BD Biosciences, Lexington, KY) to preserve cell polarity. All experiments done were approved by the Institutional Animal Care and Use
Committee at Okazaki National Research Institutes.
Two-photon excitation imaging
For the visualization of exocytosis, pancreatic acini were immersed in SolA containing a fluid-phase polar tracer, either 0.5 to 1 mM sulforhodamine B (SRB; Molecular Probes, Eugene, OR) or 0.5 mM cascade blue-dextran (10 kDa; Molecular Probes). Cholecystokinin octapeptide (CCK; Peptide Institute, Osaka, Japan) was dissolved in SolA containing tracer and applied to cells through a glass pipette. All experiments were performed at room temperature (22° to 25°C). Two-photon excitation imaging of pancreatic acinar cells was performed as described (10) . In brief, cells were imaged with an inverted microscope (IX70; Olympus, Tokyo, Japan) and a laser-scanning microscope (FV300, Olympus) equipped with a water-immersion objective lens (UPlanApo60× W/IR; numerical aperture, 1.2). A mode-locked Ti:sapphire laser (Tsunami, Spectra Physics) with an original pulse duration of 70 to 100 fs was attached to the laser port of the laser-scanning microscope; the group velocity dispersion of the microscope was compensated for by a set of chirp compensation optics. The laser power at the specimen was 4 to 5 mW, and the excitation wavelength was 830 nm for SRB, fura-2FF, Alexa488, and Texas red, and 720 nm for cascade blue and Alexa488.
Fluorescence of SRB or Texas red was measured at 570 to 650 nm, whereas that of fura-2FF
or Alexa488 was detected at 400 to 550 nm. For the double-staining experiments with Alexa488 and cascade blue, fluorescence was measured at 515 to 650 nm and 400 to 490 nm, respectively.
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preparations by quantifying fluorescence in the membrane region identified by cascade blue-dextran imaging (as in Fig. 2A ). The 12-bit images were analyzed and color-coded with "fall," "gray," "green," or "red" look-up tables of the image acquisition and analysis software, ] i values were calculated from the fluorescence of fura-2FF as described (10) . A mercury lamp (U-YLS100HG, Olympus) was The Ω-shaped profiles of fused granules were stable for an average of ~3 min (see Fig. 5C ).
To elucidate the molecular basis of this stability of the Ω-shaped profiles, we investigated F-actin organization by staining of fixed preparations with Alexa488-labeled phalloidin, which binds specifically to F-actin. In resting cells, a dense coat of F-actin was apparent at the apical membrane but not surrounding secretory granules (Fig. 1D ) (22) . After stimulation with 100 pM CCK, however, F-actin also coated secretory granules adjacent to the apical membrane (Fig. 1E) .
In contrast to two-photon imaging, one-photon confocal microscopy was not able to detect such response to CCK, as described in previous studies (11, 23) .
To determine whether F-actin coating occurred selectively on granules undergoing exocytosis, we labeled exocytic profiles with a fixable fluorescent dextran (cascade blue-dextran) during stimulation of acini with 100 pM CCK for 60 s and, after fixation, counterstained the cells with Alexa488-phalloidin ( Fig. 2A) . The cluster of Ω-shaped profiles stained with cascade blue-dextran (red) coincided exclusively with that of ringlike profiles of F-actin coats stained with Alexa488-phalloidin (green). On average, 33% (4 -50%, SE=7 %, 7 cells) of secretory granule area at the apical pole of acinar cells, which were identified by negative staining with fura-2FF (10), was filled with exocytic granules, which were labeled with SRB during CCK stimulation for 10 min. These observations suggested that F-actin coating occurred selectively on all granules that underwent exocytosis. In these experiments, when exocytosis was followed in live cell, it was still active with a rate of 0.05 to 0.27 events per second per cell at the time of fixation (60 s); the observation that all of the granules undergoing exocytosis were coated with F-actin therefore suggests that the coating was induced within 3.7 s (1/0.27 s) after the onset of exocytosis. 9
Homogeneous and large increases in [Ca
Mechanism of F-actin coating
To examine the role of actin polymerization in the F-actin coating of granule membranes, we investigated the effects of latrunculin-A (LatA), a membrane-permeable inhibitor of actin polymerization that binds with high affinity to actin monomer (G-actin) (26) . Pretreatment with LatA (10 µM, 30 min) prevented F-actin coating of all granules that underwent exocytosis during stimulation of acini with 100 pM CCK for 1 min (Fig. 3A) . Furthermore, large vacuoles were apparent in such preparations fixed 10 min after the onset of stimulation with CCK (Fig. 3B) ; these vacuoles were not coated with F-actin. The formation of similar vacuoles was seldom detected in acini not treated with LatA before stimulation with 100 pM CCK. It was, however, induced by high concentrations (10 to 100 nM) of CCK in the absence of LatA ( Fig. 3C ) (19) ,
indicating that F-actin coating of granules was impaired at such high doses of agonist, which are known to induce acute pancreatitis in mice (20) .
The coating of granules with F-actin during stimulation with 100 pM CCK was found to require the small GTPase Rho, based on the observation that such coating was prevented by pretreatment of freshly isolated acini with Clostridium botulinum exoenzyme C3 (50 µg ml -1 ) for 10 stimulation (288 ± 19 arbitrary units; mean ± SE, n = 11 cells, P < 0.01) (Fig. 3E ) compared with that in control acini (1192 ± 52 arbitrary units, n =18) (Fig. 1D) . In contrast, treatment of acini for 2 h with exoenzyme C3 (50 µg ml -1 ) did not result in a marked reduction in F-actin coating at the apical membrane (Fig. 3F) ; the fluorescence intensity of Alexa488-phalliodin at the apical membrane in such acini (1238 ± 81 arbitrary units, n = 12 cells) did not differ significantly from that in control acini (P > 0.05). Exposure of cultured acini to exoenzyme C3 for 3 days, however, almost completely eliminated the F-actin coat at the apical membrane (58 ± 6 arbitrary units; mean ± SE, n = 24) compared with that in control cultured cells (982 ± 109 arbitrary units, n = 13) without reducing the abundance of G-actin in the cytosol, as revealed by staining with Texas red-conjugated DNase I (Figs. 3G, H) . Rho-dependent actin polymerization thus occurs at the apical membrane but at a slow rate, and it might be activated in the granule membrane after exocytosis (see Discussion).
Real-time imaging of vacuole formation
We next investigated the formation of vacuoles by real-time imaging of acini immersed in a solution containing SRB. Vacuole formation was rarely detected in acini (<3%, n = 90 cells) stimulated with 100 pM CCK for up to 10 min (Fig. 1C) . In contrast, abnormal round vacuoles with a diameter of >2 µm were formed by the merger of fused granules within 100 s after stimulation with 100 pM CCK in 93% of acini (n = 29 cells) that had been pretreated with LatA (28) and exoenzyme C3 (50 µg ml -1 , 2 h), also increased the proportion of vacuoles to 72% (n = 7 cells) and 38% (n = 6), respectively, at 300 s after stimulation with CCK (100 pM). The spherical and expanding nature of vacuoles suggests that the granule contents swelled within them, and that F-actin coating prevents such swelling by stabilizing the Ω-shaped profiles.
The stability of Ω-profiles was directly quantified by measuring the lifetime of those formed by primary exocytic events that did not give rise to secondary exocytosis (Fig. 5A) . Given that the time course of flattening of the granule membrane into the plasma membrane was complex, we determined the lifetime of Ω-shaped profiles as the time required for their disappearance (Fig.   5B ), which we estimated by straight-line fitting of the last 20 s of flattening (Fig. 5B) . All three inhibitors of actin polymerization examined (LatA, cytochalasin D, exoenzyme C3) markedly reduced the lifetime of Ω-shaped profiles (Fig. 5C ), supporting the notion that the profiles are stabilized by F-actin coating. The instability of Ω-shaped profiles is consistent with the generation of vacuoles in LatA-pretreated cells, because these treatments did not significantly reduce the incidence of sequential exocytosis, which was 71.6 ± 7.4 % (mean ± SE, n =19 cells) and 72.8 ± 6.0 % (mean ± SE, n = 14) in control and LatA-pretreated preparations, respectively, and because the granules that induced sequential exocytosis did not flatten into the plasma 12 membrane (Supplementary Movies 1,2) . In LatA-pretreated preparations, Ω-shaped profiles of the granules that were involved in sequential exocytosis were also instable, and gave rise to vacuole formation.
As mentioned above, stimulation of acini with a high concentration (10 nM) of CCK alone triggered the generation of vacuoles ( Fig. 4B ; see Supplementary Movie 3). Indeed, the vacuolar proportion was 56% at 300 s after such stimulation (Fig. 4F) , and the lifetime of primary Ω-profiles induced by stimulation with 10 nM CCK was reduced compared with that of those elicited by stimulation with 100 pM agonist (Fig. 5C) . A delay in the onset of vacuole formation was evident under such conditions, however, with the proportion of vacuoles being only 2.9% at 100 s after stimulation (P < 0.005) compared with that in LatA-pretreated cells.
These data suggest that stimulation of acini with a high concentration of CCK results in a slow destabilization of Ω-profiles, likely by impairment of F-actin coating of granule membranes (Fig.   3c ).
Importantly, vacuole formation was rarely observed in the acini (5%, n = 60 cells) stimulated by photolysis of caged-Ca 2+ compound where micro-molar increases in [Ca 2+ ] i persisted for more than 300 s (see Fig. 2 ). The proportion of vacuole was less than 2% at 300 s after the stimulation. These data suggest that vacuole formation does not simply result from sustained increases in [Ca   2+ ] i , but requires receptor activation.
Regulation of exocytosis by F-actin coating
Removal of the constitutive F-actin coat of the apical plasma membrane did not by itself trigger exocytosis, given that LatA alone did not induce exocytosis (data not shown). Moreover, the number of exocytic events in CCK-stimulated acini was not affected by pretreatment with LatA (Fig. 6B) , even though the amount of F-actin at the apical membrane was markedly reduced by such LatA pretreatment (Fig. 3E) . Furthermore, the number of secondary, tertiary, or quaternary exocytic events (2nd, 3rd, or 4th exocytosis, respectively) ( Fig. 6A) did not differ significantly between CCK-stimulated acini that had been pretreated with LatA and those that had not ( ] i through photolysis of NP-EGTA (Fig. 2B) (30) . Under these conditions, latencies reflect the time required for membrane fusion after Ca 2+ binding to the Ca 2+ sensor of the granule (Fig. 6A) . We found that L 1 was reduced by LatA but not by exoenzyme C3 (Fig. 6D) , consistent with the reduction in the constitutive F-actin coating of the apical plasma membrane by LatA but not by exoenzyme C3 (Fig. 6D) , consistent with the prevention by each agent of the dynamic F-actin coating of granules undergoing exocytosis (Figs. 3A, B, D) . Given that granules are not coated with F-actin under resting conditions (Fig. 1D) , these data indicate that dynamic actin polymerization regulates the fusion reaction. 
Discussion
With the use of two-photon microscopy, we have demonstrated that dynamic coating with F-actin occurs exclusively at the membrane of granules that are undergoing exocytosis in pancreatic acinar cells. It is likely that such F-actin coating is mediated by the polymerization of G-actin rather than by the lateral diffusion of F-actin from the apical plasma membrane, given that it was blocked by inhibitors of actin polymerization. The stability of the Ω-shaped profiles of fused granules is also consistent with the formation of a new F-actin coat by polymerization.
Such coating occurs rapidly, given that most granules undergoing exocytosis were coated within 1 min after stimulation. In contrast to our conclusion, F-actin coating of zymogen granules was previously suggested to precede exocytosis (12); however, F-actin coating was examined 1 h after stimulation, F-actin-coated structures were sparse, and their origins unclear in this previous study.
The selectivity of F-actin coating of granules undergoing exocytosis might be achieved by the lateral diffusion of factors that promote actin polymerization from the apical membrane to the granule membrane. Indeed, actin-polymerizing activity appears to be associated with the apical membrane. Our observation that exoenzyme C3 prevented the rapid F-actin coating of granule membranes but did not affect the constitutive F-actin coating of the apical membrane suggests that Rho might be activated as a result of the mixing of plasma membrane and zymogen granule factors. The mixing of components of the granule and apical plasma membranes after exocytosis (31) and the lateral diffusion of an apical membrane protein and intramembrane particles into exocytic granules (32) have been demonstrated in freeze-fracture studies of the parotid gland.
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http://www.jbc.org/ Downloaded from RhoGEF (guanine nucleotide exchange factor for Rho) (33, 34) , phosphatidylinositol 4,5-bisphosphate (35) , and plectin (16, 36) . Sequential exocytosis has also been proposed to be mediated by the lateral diffusion of apical membrane fusion proteins (10, 37) .
Similar Cdc42-mediated coating of cortical granules with F-actin was recently described in
Xenopus oocytes and was implicated in rapid endocytosis (38). In acinar cells, however, Ω-profiles persisted for several minutes before eventually merging with the lumen (Fig. 5A ) and only infrequently underwent direct ("kiss-and-run") endocytosis. Thus, F-actin coating appears primarily to regulate Ω-profiles of granules and exocytosis in exocrine acinar cells.
We found that the rate of exocytosis of zymogen granules was reduced both by the constitutive F-actin coating of the apical membrane and by the dynamic F-actin coating of exocytic granules. These data support the classical notion that F-actin functions as a physical barrier to exocytosis (4-7). Prevention of F-actin polymerization did not increase the overall extent of exocytosis, however, indicating that F-actin coating reduced only the rate of fusion.
Although the intensity of staining of the apical and granule membranes with fluorescent phalloidin was intense, F-actin coating might actually be sufficiently sparse to allow contact between proteins in these two membranes that mediate membrane fusion. F-actin coating may slow exocytosis by reducing the incidence of collision between such proteins in the opposing membranes. Slowing of exocytosis by F-actin coating of the granule membrane likely in turn facilitates F-actin coating per se and contributes to protection of exocytic granule membranes, as discussed below.
Vacuole formation in acinar cells is thought to be an initial sign of acute pancreatitis in both animal models and the human disease (17, 18, 20) . The present study has demonstrated, for the 
